The genus Arcanobacterium was described by Collins et al. (1982a, b) to accommodate bacterial strains previously assigned to the species 'Corynebacterium haemolyticum' (MacLean et al., 1946) . The early description of the genus was based mainly on morphological characteristics but also on the basis of chemotaxonomic data obtained from the analysis of cell-wall peptidoglycan, long-chain fatty acids and the structure of respiratory quinones (Collins et al., 1982b) . At the time of writing, the genus Arcanobacterium comprised nine species with validly published names: A. abortisuis, A. bernardiae, A. bialowiezense, A. bonasi, A. haemolyticum, A. hippocoleae, A. phocae, A. pluranimalium and A. pyogenes.
Arriving at this taxonomy involved the inclusion of species transferred from other genera, such as A. pyogenes, proposed by Ramos et al. (1997) for the invalidly named species 'Actinomyces pyogenes', which in turn was revived from the invalidly named species 'Corynebacterium pyogenes' by Reddy et al. (1982) , and A. bernardiae, renamed from the invalidly named species 'Actinomyces bernardiae' (Ramos et al., 1997) . The chemotaxonomic features described previously (Collins et al., 1982b) as being typical of the genus Arcanobacterium included a cell-wall peptidoglycan based on lysine as the dibasic amino acid, rhamnose as the diagnostic cell-wall sugar, MK-9(H 4 ) as the major respiratory quinone, long straight-chain fatty acids that were saturated and monounsaturated (oleic acid series), an absence of mycolic acids and a DNA G+C content of 50-52 mol%.
In an earlier taxonomic study, Collins & Jones (1982) found that MK-10(H 4 ) was the principal isoprenoid quinone present in 'Actinomyces pyogenes'. This result was supported by the analysis of the menaquinones present in this species by Lehnen et al. (2006) . In addition to this, Lehnen et al. (2006) also detected MK-10(H 4 ) as the principal isoprenoid quinone present in the species A. bialowiezense and A. bonasi. This menaquinone pattern was dissimilar to that of A. haemolyticum, the type species of the genus, which contained MK-9(H 4 ) as the principal isoprenoid quinone, and, along with phylogenetic evidence, pointed toward a possible subdivision within the genus Arcanobacterium (Lehnen et al., 2006) . Thus, Lehnen et al. (2006) suggested that of the species tested, only A. haemolyticum, A. phocae, A. pluranimalium and A. hippocoleae should be affiliated with the genus Arcanobacterium and that the species A. bialowiezense, A. bonasi, A. pyogenes and A. bernardiae should be reclassified as members of a new genus. This taxonomy was, however, only based on the examination of the quinones of a limited number of species. The aim of the present study was to investigate the internal genus structure derived from the 16S rRNA gene sequence analysis and to compare it with data from chemotaxonomic studies. As such, we determined the peptidoglycan structures, DNA G+C contents, fatty acid profiles, whole-cell-wall sugars, types of acyl groups of the muramyl residues of the peptidoglycans, polar lipid profiles and menaquinone compositions of all nine species in the genus. This evidence allowed the affiliation of species to either a recognized or a novel genus.
Strains and culture conditions
The strains investigated in this study were A. T . Strains were grown aerobically at 35 u C on Columbia agar supplemented with 5 % sheep's blood (BD) in an atmosphere containing 5 % CO 2 .
Biochemical characterization
For biochemical characterization, the commercially available API Coryne, API 20 Strep, API ZYM (bioMérieux) and MINITEK (BD) systems were used according to the manufacturers' instructions. The Christie-Atkins-MunchPetersen (CAMP) test was carried out using Staphylococcus aureus ATCC 25923 according to standard procedures (Funke et al., 1997) . GC analysis of the fermentation products was performed as decribed by Holdemann et al. (1977) using 7 ml culture grown in peptone-yeast extractglucose (PYG) broth for 7 days.
Chemotaxonomic investigations
For cell-mass production, fresh inocula were prepared by growing strains on Columbia agar supplemented with 5 % sheep's blood in a CO 2 atmosphere at 37 u C for 1 week. Two to three loopfuls of culture were used to inoculate 100 ml Erlenmeyer flasks containing 80 ml of BHI broth. Cultures were incubated at 37 u C for 14 days and checked for purity by performing microscopic examinations and subculturing on Columbia agar. The cells were then treated with formaldehyde (1 %, v/v), harvested by centrifugation, washed with distilled water and freeze-dried. Standard procedures were used to determine fatty acid profiles (Minnikin et al., 1980; Yassin et al., 2007) , phospholipid compositions (Yassin et al., 1993) and the isoprenoid quinones present (Collins et al., 1977; Yassin & Hupfer, 2006) . The acyl type of muramic acid was determined by the colorimetric method (Uchida & Aida, 1977) . Wholecell-wall sugars were determined by the method of Lechevalier (1968) . DNA G+C contents (mol%) were determined by HPLC according to Mesbah et al. (1989) . The peptidoglycan was isolated by disruption of the cells by shaking with glass beads followed by trypsin digestion, according to the method of Schleifer (1985) . The amino acids and peptides in the cell-wall hydrolysates were analysed by two-dimensional ascending TLC on cellulose plates by using previously described solvent systems (Schleifer, 1985) . The identity of amino acids was confirmed and their molar ratio was estimated by GC (14A, Shimadzu) and GC-MS (320-MS Quadrupole, Varian) of N-heptafluorobutyryl amino acid isobutyl esters (MacKenzie, 1987; Groth et al., 1996) .
For phylogenetic analysis, the 16S rRNA genes of the strains studied were amplified by PCR using the procedure of Rainey et al. (1996) and directly sequenced using a Taq dideoxy terminator cycle sequencing kit (Applied Biosystems) and an automatic DNA sequencer (model 310; Applied Biosystems). The 16S rRNA gene sequences of the strains studied were added to the ARB database (Ludwig et al., 2004) and aligned using the respective tool of the ARB package. Evolutionary distances were calculated by the method of Jukes & Cantor (1969) . Phylogenetic trees were reconstructed according to the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971) and maximum-likelihood (Felsenstein, 1981) methods. The tree topology was evaluated by performing bootstrap analyses (Felsenstein, 1985) of the neighbour-joining method based on 1000 resamplings.
Intrageneric structure of the genus Arcanobacterium
Intrageneric relationships, based on comparisons of almost complete 16S rRNA gene sequences of the type strains of nine species of the genus Arcanobacterium, are shown in Fig. 1 . The species formed two subclusters, within which the type strains showed a high degree of interspecies relatedness. Bootstrap values of 100 % indicated that this clustering was of statistical significance. Subcluster I contained the type species of the genus Arcanobacterium, A. haemolyticum, as well as the species A. phocae and A. pluranimalium. 16S rRNA gene sequence similarities between members of this subcluster ranged from 95.4 to 97.4 %. Subcluster II contained the species A. abortisuis, A. bernardiae, A. bialowiezense, A. bonasi and A. pyogenes. 16S rRNA gene sequence similarities between the type strains of these species ranged from 95.3 to 98.6 %. Members of subclusters I and II were separated by 4.4-7.5 % sequence divergences. In addition, members of the two subclusters could be clearly distinguished from one another by a set of subcluster-specific nucleotides, which could be used as molecular signatures. The positions of these nucleotides in the 16S rRNA sequences are indicated in Table 1 .
The branching point of the A. hippocoleae sequence was close to the bifurcation point of the two Arcanobacterium subclusters. However, this species branched with members of subcluster I in both the neighbour-joining (Saitou & Nei, 1987) and maximum-likelihood (Felsenstein, 1981) trees. The fact that A. hippocoleae showed 1 % greater 16S rRNA gene sequence similarity to members of subcluster I than to members of subcluster II may indicate a specific relatedness to the former cluster as shown in Fig. 1 . This phylogenetic relationship was also supported by the presence of six signature nucleotides that were shared between A. hippocoleae and members of subcluster I, while only five of its signature nucleotides were common to members of subcluster II. Bootstrap values of the branching points (98 % significance for subcluster I members) indicated that members of subcluster I are the closest phylogenetic neighbours of A. hippocoleae.
Fatty acid composition
The fatty acid profiles of the strains studied contained predominantly straight chain and monounsaturated fatty acids (Table 2) ; which is consistent with the results of an earlier study (Collins et al., 1982a) . The major monounsaturated fatty acid was C 18 : 1 v9c, a trait that was also described in earlier reports (Lechevalier & Moss, 1977; Kroppenstedt & Kutzner, 1978; Collins et al., 1982a) . Small amounts of C 18 : 1 v7c and C 18 : 1 v7t were also detected variably in the strains studied. In the present study, all species of the genus Arcanobacterium contained trace amounts (Table 2 ) of methyl-branched-chain fatty acids (anteiso-, iso-). Furthermore, the mass spectra of the fatty acid fractions eluted from GC showed a strong peak at m/z 294 in the high-mass region, corresponding to C 18 : 2 v6,9c. This diunsaturated fatty acid was detected in substantial amounts in the strains studied (Table 2) .
Polar lipids
Reports on the distribution of polar lipids among species of the genus Arcanobacterium are controversial. Schaal et al. (2006) reported a type PIII phospholipid pattern with phosphatidylcholine as key diagnostic phospholipid in the species A. bernardiae, A. haemolyticum, A. phocae and A. pyogenes. Lehnen et al. (2006) reported the presence of diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), three unknown phosphoglycolipids (PGL), an unknown aminolipid (AL2), two unknown phospholipids and an unknown aminophospholipid as predominant compounds in the species A. bonasi and A. bialowiezense. These two species could be distinguished by the presence of two hydrophilic lipids, an unknown aminoglycolipid and an unknown aminophosphoglycolipid in A. bialowiezense. Lehnen et al. (2006) Figure S1 , available in IJSEM Online) were characteristic of phospholipid type I according to . Apart from the unkown aminolipids, aminophospholipids and aminophosphoglycolipids detected in A. bialowiezense and A. bonasi (as determined by Lehnen et al., 2006) , the phospholipid pattern of these two species should be classed as phospholipid type PI.
It seemed evident from the distribution of the PGL with unknown composition in A. abortisuis, A. bernardiae, A. bialowiezense, A. bonasi, A. haemolyticum, A. hippocoleae, A. phocae, A. pluranimalium and A. pyogenes that these bacteria could be grouped into two distinct groups. (Table 3) .
Menaquinone composition
The principal respiratory quinones among species of the genus Arcanobacterium were menaquinones with eight, nine, ten and eleven isoprene units. Two different 
*Based on nucleotide positions in Escherichia coli (Brosius et al., 1978) .
menaquinone patterns could be distinguished within members of the genus Arcanobacterium (Table 3 ). MK-9(H 4 ) constituted the major component in A. haemolyticum, A. hippocoleae, A. phocae and A. pluranimalium, with trace amounts of MK-8(H 4 ). In contrast, A. bernardiae possessed MK-10(H 4 ) as the major component and only small amounts of MK-9(H 4 ) and MK-11(H 4 ). A similar pattern was also found in A. abortisuis, A. bialowiezense, A. bonasi and A. pyogenes. The presence of two structurally different predominant menaquinones in these species was consistent with previous reports (Collins et al., 1982b; Lehnen et al., 2006) and supported the proposed division of the genus Arcanobacterium into two groups.
Peptidoglycan composition
The mode of cross-linkage and the amino acid composition of the tetrapeptide bridge of the peptidoglycan layer of several species of the genus Arcanobacterium have been published previously (Collins et al., 1982b; Funke et al., 1995; Ramos et al., 1997; Lawson et al., 2001; Schaal et al., 2006) , all of which correspond to peptidoglycan type A5 according to the nomenclature of Schleifer & Seidl (1985) .
A. haemolyticum, A. phocae and A. pluranimalium exhibit D-Ala-L-Lys-L-Lys were detected in the partial hydrolysates of the peptidoglycan (4M HCl, 100 u C, 0.75 h). Dinitrophenylation was performed according to Schleifer (1985) and revealed that glutamic acid represented the Nterminus of the interpeptide bridge. Dinitrophenylated lysine could also be detected. The peptide L-Lys-L-Lys was absent in the partial hydrolysate of the dinitrophenylated peptidoglycan preparations. From the available data (with the exception of the relatively high amounts of alanine in A. abortisuis IMMIB L-1653, low amounts of lysine in A. hippocoleae DSM 15539 T and the presence of Ala-Ala which cannot be explained by the proposed structure) it was concluded that the peptidoglycan of A. abortisuis IMMIB L-1653, A. hippocoleae 15539 T and A. bonasi DSM 17163 T was characteristic of type A5a, variation L-Lys-LLys-D-Glu (Schleifer & Seidl, 1985 ; A11.51 according to http://www.dsmz.de/microorganisms/main.php?content_ id=35) where small amounts of lysine might be partially replaced by ornithine.
The peptidoglycan hydrolysate (4M HCl, 100 u C, 16 h) of A. bialowiezense DSM 17162 T contained alanine, glutamic acid and lysine in an approximate molar ratio of 1.2 : 1.0 : 1.2 and the peptides L-Ala-D-Glu, D-Ala-D-Glu, L-Lys-D-Ala, L-Lys-L-Ala and D-Ala-L-Lys-L-Ala were detected in the partial hydrolysate of the peptidoglycan (4M HCl, 100 u C, 0.75 h). Dinitrophenylation, performed according to Schleifer (1985) , revealed that glutamic acid represented the N-terminus of the interpeptide bridge. Dinitrophenylated lysine could also be detected. From the available data (with the exception of the relatively low amounts of alanine) it was concluded that the peptidoglycan of A. bialowiezense 17162 T was of the type A5a, (Schleifer & Seidl, 1985 ; A11.53 according to http://www.dsmz.de/microorganisms/ main.php?content_id=35).
The distribution of the peptidoglycan types supported, by and large, the phylogenetic clustering of members of the genus Arcanobacterium. While members of subcluster I represented a coherent group possessing peptidoglycan type A5a, variation L-Lys-L-Lys-D-Glu, members of subcluster II displayed the same peptidoglycan type, A5a, but with two variations, either L-Lys-L-Lys-D-Glu or L-Lys-LAla-L-Lys-D-Glu. The muramic acid residue of the glycan moiety of the cell-wall peptidoglycan of members of the genus Arcanobacterium was N-acetylated. Analysis of whole-cell hydrolysates from species of the genus Arcanobacterium revealed the presence of rhamnose as diagnostic sugar. Glucose was also detected in all of the species studied.
Biochemical characterization
Though conventionally used to differentiate species from one another, rather than at the genus level, physiological and biochemical tests were performed on type strains of nine species of the genus Arcanobacterium to find support for the genus affiliations as determined by phylogenetic and chemotaxonomic analyses. Interestingly, the results of the CAMP test (Table 4) displayed a reverse positive CAMP reaction (Supplementary Fig. S2b ), whereas members of subcluster II displayed negative results. These results indicated that A. haemolyticum, A. hippocoleae, A. phocae and A. pluranimaliumn possessed the CAMP factor gene, which suggests that they evolved as a biological unit from a common ancestor. On the other hand, when comparing results obtained in this study (Table 4 ) with those of other published studies, some significant differences are evident, for example, in the production of acid from glucose by A. bernardiae, from glycogen and sucrose by A. phocae and from sucrose and ribose by A. abortisuis. The differences seen in these metabolic reactions may be due to the growth and cultivation conditions used.
Taxonomic comments
Relationships between the nine species of the genus Arcanobacterium, based on comparisons of almost complete 16S rRNA gene sequences, are shown in Fig. 1 . 16S rRNA gene sequence similarities between members of the genus ranged from 92.5 to 98.6 %, indicating the presence of several phylogenetically defined clusters, which were separated by intra-cluster similarity values ranging from 95.4-97.4 % to 95.3-98.6 %. The notion that the genus Arcanobacterium may not represent a monophyletic taxon has been raised before by Lehnen et al. (2006) . Chemotaxonomic properties were demonstrated to correlate well with the phylogenetic structures of other actinobacterial genera. In general, the quinone system is considered to be a rather conserved characteristic; therefore, the detection of MK-10(H 4 ) as a major menaquinone in one lineage within the genus Arcanobacterium, represented by A. abortisuis, A. bernardiae, A. bialowiezense, A. bonasi and A. pyogenes, while members of the second lineage, comprising A. haemolyticum, A. hippocoleae, A. phocae and A. pluranimalium, are characterized by having the MK-9(H 4 ) as the major menaquinone, is rather exciting. Furthermore, the presence of a PGL with an unkown structure in one of the lineages suggests that each of the lineages is characterized by a unique phospholipid composition. Hence, phylogenies based on menaquinone structure, phospholipid composition and 16S rRNA gene sequences suggest that a subdivision of the genus Arcanobacterium might be appropriate. This would result in the affiliation of the species A. haemolyticum, A. hippocoleae, A. phocae and A. pluranimalium to the genus Arcanobacterium and would require the reclassification of the species A. abortisuis, A. bernardiae, A. bialowiezense, A. bonasi and A. pyogenes as members of a new genus. In the reclassified members of the genus Arcanobacterium, the presence of MK-9(H 4 ) and the absence of PGL might be genus-specific traits, while the presence of MK-10(H 4 ) and PGL might characterize members of the new neighbouring genus. The suitability of the quinone system and phospholipid profile as characteristics for the differentiation of genera is supported by cluster-specific nucleotides, which can be considered as molecular signatures (Table 1) .
From a phylogenetic point of view, A. hippocoleae appeared to be a member of subcluster I, as this species branched adjacent to A. pluranimalium (Fig. 1) , showed 95.1-95.8 % sequence similarities with other members of the subcluster (in contrast to sequence similarities of 94.0-95.0 % to members of subcluster II) and shared six signature nucleotides that are common to members of subcluster I. . All data are from this study. All strains are negative for acid production from L-arabinose, raffinose, L-rhamnose, salicin, D-sorbitol and sucrose as well as for arginine dihydrolase, b-glucosidase, nitrate reductase and urease activities. +, Positive; R+, reverse positive; 2, negative; W, weakly positive; V, variable; ND, not determined. Leucine arylamidase 2 + + + + + + 2 2 Esterase-lipase C8 + + + 2 2 2 2 + + Pyrazinamidase + 2 2 2 2 2 + + + Pyrrolidonyl arylamidase 2 2 + 2 2 2 2 + + Acetoin production 2 2 2 2 2 + 2 2 2
The grouping of A. hippocoleae with members of subcluster I is supported by an 87 % bootstrap value as well as by the peptidoglycan type, menaquinone structure and phospholipid composition.
The results of the CAMP reactions also support the rearrangement of the nine species of the genus Arcanobacterium in two genera. Positive CAMP tests in the species A. haemolyticum, A. hippocoleae, A. phocae and A. pluranimalium suggest that the CAMP factor gene is conserved in these species and that these species evolved as a separate biological unit from a common ancestor.
It is evident from the phylogenetic and chemotaxonomic observations that the genus Arcanobacterium is not a coherent taxon. The accumulated data support the proposal that the species A. abortisuis, A. bernardiae, A. bialowiezense, A. bonasi and A. pyogenes represent a new genus, for which the name Trueperella gen. nov. is proposed. The provision of new data makes it necessary to emend the description of the genus Arcanobacterium.
Emended description of the genus Arcanobacterium Collins et al. 1983 , emend. Lenen et al. 2006 Arcanobacterium (Ar.ca.no.bac.te9ri.um. L. adj. arcanus secretive; L. neut. n. bakterium a small rod; N. L. neut. n. Arcanobacterium secretive bacterium).
The description is based on data of Collins et al. (1982b) , Lehnen et al. (2006) and the present study.
On blood agar plates cells are slender, irregular and predominately rod-shaped or arranged at an angle to give V-formations during the first 18 h of growth, becoming granular and segmented, resembling small, irregular cocci over time. Both rod-shaped and coccoid cells are Gramreaction-positive, non-acid-fast and non-motile. Endospores are not formed. Catalase-positive. Facultatively anaerobic. Growth is considerably enhanced in an atmosphere of CO 2 . Growth is sparse on ordinary media but enhanced on blood-or serum-containing media. Optimum temperature for growth is 37 u C. Unable to withstand heating at 60 u C for 15 min. CAMP-test positive. The peptidoglycan is of the type A5a, variation L-Lys-L-Lys-DGlu. The muramic acid residue of the peptidoglycan is Nacetylated. Characteristic whole-cell sugars are rhamnose and glucose. Mycolic acids are not present. Long-chain fatty acids are primarily straight-chain saturated and monounsaturated as well as branched-chain iso-/anteiso-types. The phospholipid type is type PI according to , comprising DPG, PG, PI but without PGL. The principal menaquinone is MK-9(H 4 ). The DNA G+C content is 50-57 mol%. The type species is Arcanobacterium haemolyticum.
Description of Trueperella gen. nov. The description is the same as given for Arcanobacterium pyogenes Ramos et al. (1997) . The species exhibits the characteristics listed in the description of the genus Trueperella. CAMP-test-negative. Cellular fatty acid composition is listed in Table 2 . Other phenotypic features are given in Table 4 .
This organism is frequently isolated from a wide variety of pyogenic disease conditions in many species of domestic animals and in humans. Presumably, Trueperella pyogenes occurs as a commensal organism on the mucous surfaces of warm-blooded animals.
The type strain is C-100
. The DNA G+C content of the type strain is 56-58 mol%.
Description of Trueperella abortisuis (Azuma et al., 2009) 
Trueperella abortisuis (a.bor.ti.su9is. L. n. abortus -us an abortion; L. n. sus suis a pig; N.L. gen. n. abortisuis from an abortion of a pig). The description is the same as given for Arcanobacterium abortisuis Azuma et al. (2009) . The species exhibits the characteristics listed in the description of the genus Trueperella. CAMP-test-negative. The cell-wall peptidoglycan is of type A5a, variation L-Lys-L-Lys-D-Glu. Cellular fatty acid composition is listed in Table 2 . Other phenotypic features are given in Table 4 .
The type strain, Murakami T (5ATCC BAA-1522 T 5DSM 19515 T 5JCM 14813 T ), was isolated from a sow's placenta after an abortion. The DNA G+C content of strain, IMMIB L-1653, is 63.8 mol%.
Description of Trueperella bernardiae comb. nov.
Trueperella bernardiae (ber.nar9di.ae. N.L. gen. n. bernardiae of Bernard, named after the contemporary Canadian microbiologist Kathryn A. Bernard for her contributions to the study of asporogenous, Grampositive rods). The description is the same as given for Arcanobacterium bernardiae by Ramos et al. (1997) with the exception that acid production from glucose is negative. The species exhibits the characteristics listed in the description of the genus Trueperella. CAMP-test-negative. Cellular fatty acid composition is listed in Table 2 . Other phenotypic features are given in Table 4 .
The type strain, LCDC 89-0504 T (5CCUG 33419 T 5CIP 104252 T 5DSM 9152 T 5LMG 18721 T ), was isolated from human blood. The DNA G+C content of the type strain is 63-66 mol%.
Description of Trueperella bialowiezensis comb. nov.
Trueperella bialowiezensis (bi.a.lo.wi.e.zen9sis. N.L. fem. adj. bialowiezensis pertaining to Bialowieza, Poland, where the type strain was isolated).
Basonym: Arcanobacterium bialowiezense Lehnen et al.
2006.
The description is the same as given for Arcanobacterium bialowiezense Lehnen et al. (2006) . The species exhibits the characteristics listed in the description of the genus Trueperella. CAMP-test-negative. The cell-wall peptidoglycan is of type A5a, variation L-Lys-L-Ala-L-Lys-D-Glu. Cellular fatty acid composition is listed in Table 2 . Other phenotypic features are given in The description is the same as given for Arcanobacterium bonasi Lehnen et al. (2006) . The species exhibits the characteristics listed in the description of the genus Trueperella. CAMP-test-negative. The cell-wall peptidoglycan is of type A5a, variation L-Lys-L-Lys-D-Glu. Cellular fatty acid compostion is listed in Table 2 . Other phenotypic features are given in Table 4 .
The type strain, 2(W106/04) T (5DSM 17163 T 5NCTC 13355 T ), was isolated from the prepuce of a European bison. The DNA G+C content of the type strain is 58.1 mol%.
